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Abstract: The investment and operating costs of pumping stations in drinking water distribution
networks are some of the highest public costs in urban sectors. Generally, these systems are designed
based on extreme scenarios. However, in periods of normal operation, extra energy is produced,
thereby generating excess costs. To avoid this problem, this work presents a new methodology for
the design of pumping stations. The proposed technique is based on the use of a setpoint curve to
optimize the operating and investment costs of a station simultaneously. According to this purpose,
a novel mathematical optimization model is developed. The solution output by the model includes
the selection of the pumps, the dimensions of pipelines, and the optimal flow distribution among
all water sources for a given network. To demonstrate the advantages of using this technique, a
case study network is presented. A pseudo-genetic algorithm (PGA) is implemented to resolve the
optimization model. Finally, the obtained results show that it is possible to determine the full design
and operating conditions required to achieve the lowest cost in a multiple pump station network.

Keywords: optimization; water networks; pump station; setpoint curve; pseudo-genetic algorithm

1. Introduction

Optimization problems regarding the design and operation of water distribution
networks (WDNs) are very complex and important problems that affect the quality of life
of all people worldwide [1]. The demand for water increases rapidly with the growth
of the world’s population. Furthermore, climate change has increased water scarcity [2].
Electric power is one of the dominant costs incurred by water utilities, so reducing energy
consumption and conserving the available natural resources (such as water) are some of
society’s challenges [3]. The design of a cost-effective WDN is not a simple task, and the
operational performance of the designed network affects any city budget [4,5]. In this
regard, pumping stations (PSs) are expensive infrastructures.

Pump operating costs are a key aspect when a network is fed directly from groundwa-
ter or does not have a high enough elevation for tanks to be installed [5]. In these cases, the
selection of pumps that best adapt to the system head curve is an important step, as doing
so reduces excess head pressure [6]. Consequently, the efficient design and operation of
PSs could significantly reduce network total costs.

PS design involves the selection of pumps, accessories, and control systems. Tradi-
tionally, the selection process is conducted by a catalogue that contains the specifications

Water 2021, 13, 3098. https://doi.org/10.3390/w13213098 https://www.mdpi.com/journal/water

https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-6191-7299
https://orcid.org/0000-0001-8300-3255
https://orcid.org/0000-0002-8140-5960
https://orcid.org/0000-0002-1946-0053
https://doi.org/10.3390/w13213098
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/w13213098
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w13213098?type=check_update&version=2


Water 2021, 13, 3098 2 of 14

of available pumps. The pumps that provide the required maximum piezometric head
are identified, and the selection is based, among other criteria, on energy efficiency. Fi-
nally, the number of pumps that make up the station is calculated [7]. Then, PS operation
is determined by the on/off status of every pump at each time step and, in the case of
variable-speed pumps (VSPs), by modifying the rotational speed based on the readings
obtained from the metering devices.

This control system is responsible for adjusting the amount of water pumped ac-
cording to public demand at every moment [8]. Different approaches for improving PS
performance in WDNs have been explored [1,9,10]. One of the important problems cov-
ered in the literature is pump scheduling optimization. This problem has been widely
studied [3,9]. Starting from a completed PS design, pump scheduling can be specified by
on/off pump switches during predefined equal time intervals. Traditionally, the objective
of such a problem is the minimization of energy consumption costs based on the operation
and/or maintenance costs of pumps [3]. These approaches do not allow for any structural
changes. Consequently, the obtainable energy savings are restricted by the previous PS
design, and insufficient or idle capacity may be generated. Therefore, the investment and
operating costs of PSs should be minimized together to achieve a complete solution to the
optimization problem [11].

In recent years, mathematical models have been developed to optimize both of the
aforementioned general objectives from diverse perspectives. The differences between these
models lie in the decision variables used to assemble their object functions and constraints.
In this regard, some previous researchers have focused their efforts on optimizing the
location of each PS, maximizing energy production [12,13], minimizing losses by installing
turbines to recover energy [14], or using the position and setting of a PS, in addition to the
working statuses of VSPs, as the decision variables [15]. Other researchers have focused
on analyzing the PS capacity to optimize the design and operational costs of stations; the
authors of [16] introduced a model with binary variables for each design and operation
option available in the face of a small number of demand scenarios. The authors of [11]
proposed a new design procedure that considers the variable demand, equivalent flow,
and equivalent volume to approximate the annual costs of a given system. The authors
of [17] calculated the design cost of an entire network using a robust model based on the
variability of the costs of multiple scenarios.

The main problem is that the methods proposed in the literature do not directly link
the internal design optimization of PSs with the optimization of the overall operation of
the corresponding WDN. Furthermore, the design is formulated while considering extreme
operating conditions. To bring these models closer to reality, the design of a PS should
evaluate its impact on the entire network, including other PSs, and consider operational
implications in the future. To avoid these problems, there are two important stages that
must be optimized together. The first stage is to determine the optimal flow and head
of a PS. Therefore, the PS should satisfy all demand and pressure requirements. The
second stage is to determine the best combination of the internal elements in PSs to achieve
these values.

In this context, the authors of [18] minimized the energy consumption of a network
after determining that water should be provided by each PS according to the demand
curve of the network using a novel optimization model based on a setpoint curve. The
heads and flows that must be supplied from each PS are determined, but the design of
the PS is not considered. From this viewpoint, considering the results of previous work,
the authors of [19] focused their research only on the internal configuration of a PS. The
authors proposed an alternative method in which the pumping group selection process
includes an estimate of the system operating cost based on the study of different control
systems and operation schemes for the pumps before selecting the equipment. To achieve
this, investment (pumping equipment, hydraulic installations, and electrical and control
equipment) and operational costs are considered.
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This work presents a novel methodology for the optimization of the design of PSs in
WDNs. Unlike the models developed in previous works, the proposed model combines the
overall optimization process for the distribution of flows and the analysis of the internal
components of each PS. It allows for energy and investment costs to be reduced by adjusting
the PS capacity according to demand and pump selection at once. For this purpose, the
calculation of a setpoint curve and the simulated operation of multiple pump alternatives
are combined to create a highly robust optimization model that adjusts the flow rates
provided by the pumps according to the given system’s demand curves.

Additionally, our work considers the resolution of the optimization model through
the implementation of a pseudo-genetic algorithm (PGA) that was presented by [20]. In
this regard, evolutionary algorithms have proved to be efficient in handling optimization
problems with respect to WDNs, especially when the size of the feasible solution space is
extremely large [1,21]. The evaluation of the hydraulic behavior of the resulting network is
analyzed using EPANET according to the specifications proposed in [22].

The remainder of the paper is organized as follows: Section 2 describes the proposed
methodology. First, the outline, notation, and formulation of the new mathematical model
are discussed. Then, the developed methodology is applied to a case study, and an
optimization method is implemented. Next, Section 3 provides the results, and a discussion
is detailed in Section 4. Finally, the conclusions of the research can be found in Section 5.

2. Materials and Methods
2.1. Model Outline

In this section, a novel optimization model for designing PSs while considering opti-
mal operating conditions is proposed and mathematically described in detail. Specifically,
this model determines the configuration of each PS, including the number of fixed-speed
pumps (FSPs) and VSPs, and the pump model according to an available database. The
optimization model adjusts the PS design to the optimal distribution of flows, which is
calculated during each period within the optimization process.

It is important to highlight that the proposed methodology requires some available
data: (a) a WDN model calibrated for different demand conditions, (b) a modular design
for the PS, (c) knowledge of the demand patterns, and (d) an existing database to select the
correct pump model. The database must include the model, price, and head and efficiency
curves for each pump.

Next, a general scheme for the problem to be solved is presented in Figure 1. Specifi-
cally, Figure 1a shows a general case with three PSs. During each period, PSi distributes Qi
of water from the total flow. These flows vary over time according to the demand pattern
of the WDN. Figure 1b shows the details of the basic modular design of a PS used in this
optimization model. A PS consists of several lines in parallel with one pump installed in
each. Every pump has two isolation valves and a check valve. There are also two isolation
valves at the ends (inlet and outlet) of the PS. The lengths L1, L2, and L3 in Figure 1b are
parameterized as linear combinations of the diameters of the pipes:

Lp = λp·NDp ∀ p ∈ {1, 2, 3} (1)

where λp is a parameter defined in each case study, and NDp is the nominal diameter (ND)
of the corresponding pipe p, which is used for defining the diameters of elements such as
isolation valves or check valves.
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Figure 1. (a) General scheme and (b) PS modular design.

This methodology calculates the optimal flow rates provided by each PS following
the methodology presented by [18]. Next, the number of pumps required is determined
according to the model. Then, considering the design velocity Vd, the NDs are selected,
and finally, the lengths of the pipes are determined using Equation (1). That is, using the
basic modular design from Figure 1b after the model and number of pumps are determined
automatically leads to a specific PS design.

The optimization problem seeks to minimize the capital expenditures (CAPEX) and
operating expenses (OPEX) of the general scheme presented in Figure 1 while consider-
ing an optimal distribution of flows. First, the decision variables and the mathematical
notation of the proposed model are presented. Next, the calculation of OPEX and CAPEX
from the decision variables is explained in detail. A case study exemplifies the model
implementation in a network with three PSs and a database of pump models. Finally, the
optimization method used in this work is briefly presented.

2.2. Mathematical Notation

The above problem can be posed as a mathematical optimization model, where the
decision variables are related to the distribution of flows among the different sources
and the configuration of each PS. On the one hand, xij defines the percentage of the flow
supplied from PS i (PSi) at each time step j. The parameters Nt and Nps represent the total
number of time steps and total number of PSs, respectively; mi indicates the number of
FSPs; and bi corresponds to the identifier of the pump model to be installed in PSi.

Once these values are known, it is possible to calculate the maximum flow for each
PS, the number of total pumps (NB,i), the number of VSPs (ni), and the dimensions of each
pipeline Lp. In short, it is possible to fully define the design of the PS.

2.3. Optimization Model

The optimization problem seeks to minimize both the CAPEX and the OPEX of the
system. The objective function is detailed in Equations (2) and (3):

F = Fa ·CAPEX + OPEX (2)

Fa =
r·(1 + r)Np

(1 + r)Np − 1
(3)
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where F represents the total annualized cost of the project. To calculate the loss of value of
the assets over the useful life of the project, CAPEX is amortized by the factor Fa applying
an interest rate r during Np periods. OPEX represents the total operational expenses
throughout the life of the project.

Obviously, the optimization model is restricted by continuity and momentum equa-
tions and by minimum head requirements in the demand nodes. Additionally, the model
is constrained by Equations (4) and (5). These equations guarantee that the total flow
supplied by the PS is equal to the flow demanded during each period.

xi,j ≥ 0 ∀i, j (4)

Nps

∑
i=1

xi,j = 1 ∀j (5)

The optimization model calculates the CAPEX and OPEX from the values of the
decision variables in each iteration of the algorithm. Figure 2 shows a flowchart of the
complete model.
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Figure 2 shows how the decision variables and the model input requirements are
related. The dashed lines represent four intermediate steps required to calculate the CAPEX
and OPEX. After solving the mathematical model, it is possible to determine the setpoint
curve for each PS, the complete PS design, the dimensions of all pipes, the number of
pumps, the respective models, and the PS control systems.

This methodology can be described through three steps. The first step determines the
setpoint curve using the methodology proposed by [18]. The setpoint curve represents the
minimum head required at each PS for a certain flow distribution. From the distribution of
flows xij, considering the mathematical model of the network and the demand pattern, it is
possible to calculate the vectors of the head HSij and flow QSij that must be supplied by PSi
at time step j. Then, the control system is adjusted in such a way that the output of the PSs
is always equal to the HSij and QSij values of the setpoint curve. Therefore, it is possible to
guarantee compliance with the minimum pressure restrictions for all nodes of the network.

The second step calculates the total number of pumps NB,i for each PSi. First, the
maximum head Hi,max and flow Qi,max are determined from the setpoint curve. Then,
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Equation (6) is used to calculate the flow rate Qi,b supplied by a single pump for the
head Hi,max.

Hbi = H0,bi −Abi ·Q
2 → Q1,b =

√
H0,bi −Hi,max

Abi

(6)

In the previous equation, note that the parameters H0,bi and Ab,i are determined from
the characteristic curve of bi. The number of pumps in PSi is obtained by Equation (7).

NB,i =

(
Qi,max

Q1,b

)
, (7)

where the result NB,i is rounded up to the next integer. Finally, the number of VSPs (ni) can
be determined using Equation (8). There must always be at least one VSP.

ni = NB,i −mi (8)

The third step defines the PS design. A PS is completely defined when the maximum
demand of the PS, the number of pumps, and the pump model selected in the database are
known. Then, it is possible to calculate both the CAPEX and OPEX.

The CAPEX is calculated according to Equation (9), representing the total investment
costs for each PS.

CCAPEX = NB·Cpump + n·Cinv + Cfacility + Ccontrol (9)

According to [19], these values can be calculated as follows. The first term (Cpump)
represents the cost of a pump according to Equation (10), where CP0 and CP1 depend on
the case study.

Cpump = CP0·(Q·H)CP1 (10)

The second term of Equation (9) constitutes the cost of the frequency inverter (Cinv)
for each VSP. The third term (Cfacility) is explained in Equation (11), which considers pipes
and accessories.

Cfacility = (2NB + 2)·CSV + NB·CCV +
nT

∑
i=1

CT +
ne

∑
i=1

Celbow +
np

∑
i=1

Cpipe,i·li (11)

where for each PS, NB is the number of pumps, nT is the number of union tees, ne is the
number of elbows, np is the number of pipes, and li is the length of pipe i.

Specifically, the previous equation considers the costs of isolation valves (CSV), check
valves (CCV), pipes (Cpipe), elbows (Celbow), and union tees (CT).

Finally, the fourth term represents all control components (Ccontrol) according to
Equation (12). Among these components, a pressure transducer (Cpressure), flowmeter
(Cflowmeter), and programmable logic controller (CPLC) are included.

Ccontrol = Cpressure + Cflowmeter + CPLC (12)

where Cpressure and CPLC correspond to the acquisition prices of the pressure switch and
programmable logic controller, respectively.

The Cinv and Cfacility values can be expressed as second-degree polynomial curves as
functions of the pump power P (kW). Similarly, CSV, CCV, Cpipe, Celbow, CT, and Cflowmeter
are functions of the ND and fit to second-degree polynomial curves. All coefficients of the
polynomials incorporated in the previous equations depend on the case study.

Finally, to calculate the OPEX, the cost of the total electrical power consumed by all
pumps running in the WDN during time step Nt is determined using Equation (13).
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PEX =
Nt

∑
j=1


Nps

∑
i=1


mi,j

∑
k=1

γ·
(

Ho,i −Ai·Q2
i,jk

)
(

Ei − Fi·Qi,j,k

) +

nj,i

∑
k=1

γ·
(

Ho,i·αi,j,k −Ai·Q2
i,jk

)
(

Ei
αi,j,k
− Fi

α2
i,j,k
·Qi,j,k

)
·pi,j

·tj

 (13)

where for each PSi, the parameters H0,i, Ai, Ei, and Fi are the characteristic coefficients of
the pump head and the performance curve and are extracted from an existing database
depending on the pump model; Qi,j,k represents the discharge of pump k during time step
j in PS i; pi,j is the energy cost, γ is the specific gravity of water, ∆tj is the discretization
interval of the optimization period, and the numbers of FSPs and VSPs running at time
step j are represented by mi,j and ni,j, respectively. These values depend on the selected
pump model and the system selected to control the operation point. In this work, pumps
are controlled by adjusting their heads to the setpoint curve HSi,j. To achieve this, the
parameter α is calculated according to Equation (14).

α =

√√√√√HSi,j + Ai

(Qi,j.k
NB,i

)2

H0,i
(14)

2.4. Case Study

To apply the methodology described above, one case study was conducted. Figure 3
shows the topology of a new WDN called the MTF network.
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Figure 3. MTF network.

The MTF network has 3 PSs (PS1, PS2, and PS3), 15 consumption nodes, and 25 pipes.
A hydraulic analysis was carried out for one day, and the time was discretized in periods
of one hour. The minimum pressure at the nodes is 20 m, the demanded average flow rate
is 100 L/s, and the roughness coefficient is 0.1. Information about the nodes and pipelines
is detailed in Tables 1 and 2, respectively. To calculate OPEX, Table 3 presents the hourly
electricity tariff for each PS in the MTF network.
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Table 1. Case study network: node information.

ID Elevation (m) Base Demand (L/s) ID Elevation (m) Base Demand (L/s)

N2 8 5 N11 7 5
N3 8 4 N12 7 10
N4 5 3 N13 5 5
N5 8 4 N14 4 2
N6 4 3 N15 3 10
N7 2 8 N16 3 15
N8 5 7 PS2 4 -
N9 6 10 PS3 0 -
N10 2 9 PS1 23 -

Table 2. Case study network: pipeline information.

Pipe ID Node 1 Node 2 Length (m) Diam. (mm) Pipe ID Node 1 Node 2 Length (m) Diam. (mm)

1 N2 N3 200 200 13 N12 N8 300 100
2 N3 N4 150 150 14 N12 N5 250 150
3 N4 N5 150 150 15 N9 N13 250 100
4 N5 N2 200 250 16 N6 N14 100 150
5 N6 N7 200 150 17 N4 N13 98 200
6 N8 N9 400 100 18 N4 N15 300 100
7 N7 N8 300 100 19 N15 N16 500 100
8 N9 N6 300 100 20 N3 N16 400 150
9 N9 N5 250 100 21 PS1 N2 1500 300

10 N8 N10 300 100 22 PS2 N11 125 100
11 N11 N12 300 100 23 N13 N14 52 150
12 N10 PS2 125 100 24 N13 PS3 100 100

Table 3. Electricity for the case study (€/kWh).

Time (h) PS1 PS2 PS3

1–8 0.094 0.092 0.09
9–18 0.133 0.131 0.129

19–22 0.166 0.164 0.162
23–24 0.133 0.131 0.129

In Table 1, the base demand represents the average or nominal demand for water at
the junction. A time pattern is used to characterize time variation in demand, providing
multipliers that are applied to the base demand to determine actual demand in a given
time period. The demand patterns for the 24 h of a day are presented in Figure 4.

To perform the optimization process, a database with 67 pump models was used. The
maximum flow rate of the pumps in the database varied between 9 L/s and 50.7 L/s. The
maximum head fluctuated between 15.8 m and 105 m, and the maximum efficiency was in
the range of 39% to 84%. The annualized costs of these models were calculated using an
interest rate of 5% per year and a projection time of 20 years, as indicated by [7]. This led
to an amortization factor Fa = 7.92%. To calculate the length of the pipes (Lp), values of 5,
30, and 10 were used for λ1, λ2, and λ3, respectively.

To calculate CAPEX, the CP0 and CP1 values from Equation (10) are 142.88 and 0.5437,
respectively, for efficiency values less than or equal to 65% or 203.14 and 0.6115 otherwise.
The coefficients of the polynomial equations used to calculate Equation (9) are expressed in
the format f(x) = ax2 + bx + c. The independent variable (x) can be represented by P or ND.
The values of coefficients a, b, and c are shown in Table 4. These values were determined
by [19]. In the case of the pressure transducer (Cpressure) and programmable logic controller
(CPLC), they assume a constant price of 570 and 372.44 EUR, respectively. Furthermore,



Water 2021, 13, 3098 9 of 14

the flowmeter is always installed in outlet pipe L3 (Figure 1b) and therefore has the same
diameter as that pipe.
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Table 4. Case study coefficients for calculating CAPEX equations.

f(x) x a b c

Cinv P(W) −0.603 116.08 168.19
CSV

ND (mm)

0.01 1.53 11.82
CCV 0.006 0.25 14.55
Cpipe 0.0004 −0.15 8.01

Celbow 0.02 −4.23 269.49
CT 0.001 −1.74 144.24

Cflowmeter 0.051 −7.91 716.64

2.5. Optimization Method

The proposed optimization model requires the use of a computational method to
solve a given problem. The solution space of the problem to be solved in this case study is
equal to 10104 possible combinations, and the objective function is not linear. Therefore,
the use of traditional deterministic optimization methodologies is not possible. Because
of the huge space of solutions and the complexity of the objective function, it is advisable
to use a heuristic method [5]. In the literature, there are many available algorithms that
can be adapted to solve the proposed mathematical model. In this case, the meta-heuristic
algorithm chosen is a pseudo-genetic algorithm (PGA) developed by the authors, whose
details and particularities can be found in [20].

Unlike the traditional version of the genetic algorithm, the PGA is based on the integer
coding of its solutions. The software was implemented in the Java language following the
specification of [22]. This system can conduct massive simulations and is integrated with
the hydraulic network solver EPANET using the programmer’s toolkit [23].

Different parameters guide the search process of the algorithm, so the obtained results
are sensitive to the values of these parameters. The main parameters of the proposed PGA
are the population size (P), crossover frequency (Pc), and mutation frequency (Pm). We
have adopted the optimal parameter calibration range obtained in previous works for
the PGA [22,24–26]. To ensure a minimum level of statistical confidence of the results,
500 experiments were performed and analyzed.



Water 2021, 13, 3098 10 of 14

3. Results

Through the proposed methodology, the designs and operations of the PSs in the case
study were optimized. Table 5 details the dimensions of ND1, ND2, and ND3 and the
lengths of pipes L1, L2, and L3 according to the modular design presented in Figure 1b.
Furthermore, Table 5 shows the number of FSPs and VSPs (mi, ni) and the characteristic
and efficiency curve coefficients H0, A, E, and F. In addition, the last row displays the
selected model pump from the database.

Table 5. Pump station designs for the case study.

PS1 PS2 PS3

ND1 300 200 150
(mm) ND2 125 125 150

ND3 300 200 150
L1 1.5 1 0.75

(m) L2 3.75 3.75 4.5
L3 3 2 1.5
mi 0 0 0
ni 5 2 1
H0 38.0800 53.7000 104.9800
A −0.02094 −0.06002 −0.04438
E 0.07130 0.10899 0.05182
F 0.00167 0.00364 0.00107

Model Id GNI 50–16/10 GNI 100–20/50 GNI 50–26/40

Figure 5 details the flow QSij that must be supplied by PSi at time step j according to
the calculated setpoint curve. The pattern of daily consumption is represented by a dotted
line. Additionally, the number of active pumps is included in the middle of each bar of
the graph. If the color associated with a PS does not appear in a bar, it means that it is not
necessary to turn on any pumps during that period. The results show that PS1 supplies
a large portion of the total flow. However, depending on the required flow and head
calculated, the mathematical model determines the optimal combination of active pumps
and its speed of rotation to be able to supply exactly the demand of each period.
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To clarify, Table 6 shows the details of the rotation speed fraction of the pumps (α),
used to calculate the efficiency (η) according to Equation (15).

η = E
Q

α · n − F
(

Q
α · n

)2
(15)

where Q is the flow driven by the PS, n is the number of pumps, and E and F are the
efficiency curve coefficients. It is important to highlight that, despite the loss of efficiency
of the pumps, the level of power consumption in the PSs is the minimum to ensure that all
nodes of the network reach the minimum pressure of the network (20 m). The flows Qij
and heads HSij are also presented for each PSi during a 24 h period.

Table 6. PS designs for the case study.

PS1 PS2 PS3

T(h) α η QS(L/s) HS(m) α η QS(L/s) HS(m) α η QS(L/s) HS(m)

1 0.714 0.413 25.500 5.773 0.629 0.593 4.500 20.020 - - - -
2 0.436 0.756 10.000 5.137 - - - - - - - -
3 0.436 0.756 10.000 5.137 - - - - - - - -
4 0.436 0.756 10.000 5.137 - - - - - - - -
5 0.436 0.756 10.000 5.137 - - - - - - - -
6 0.603 0.526 20.000 5.483 - - - - - - - -
7 0.714 0.413 25.500 5.773 0.629 0.593 4.500 20.020 - - - -
8 0.863 0.671 98.780 15.564 0.706 0.812 11.220 19.231 - - - -
9 0.916 0.736 114.900 20.888 0.782 0.814 24.300 24.011 0.591 0.591 10.800 31.436
10 0.972 0.741 119.765 23.924 0.921 0.787 32.640 29.544 0.694 0.629 17.595 36.784
11 0.916 0.736 114.900 20.888 0.782 0.814 24.300 24.011 0.591 0.591 10.800 31.436
12 0.920 0.741 113.440 21.460 0.885 0.794 30.720 27.944 0.662 0.630 15.840 34.838
13 0.870 0.683 97.790 16.301 0.830 0.804 27.720 25.506 0.631 0.628 14.490 32.491
14 0.870 0.683 97.790 16.301 0.830 0.804 27.720 25.506 0.631 0.628 14.490 32.491
15 0.920 0.741 113.440 21.460 0.885 0.794 30.720 27.944 0.662 0.630 15.840 34.838
16 0.863 0.673 98.410 15.662 0.761 0.814 23.400 22.903 0.552 0.534 8.190 29.053
17 0.863 0.671 98.780 15.564 0.706 0.812 11.220 19.231 - - - -
18 0.809 0.584 76.600 11.240 0.773 0.815 23.400 23.909 - - - -
19 0.809 0.584 76.600 11.240 0.773 0.815 23.400 23.909 - - - -
20 0.863 0.671 98.780 15.564 0.706 0.812 11.220 19.231 - - - -
21 0.863 0.673 98.410 15.662 0.761 0.814 23.400 22.903 0.552 0.534 8.190 29.053
22 1.000 0.748 120.175 25.942 0.992 0.772 36.480 32.888 0.986 0.534 33.345 52.681
23 0.863 0.673 98.410 15.662 0.761 0.814 23.400 22.903 0.552 0.534 8.190 29.053
24 0.793 0.588 74.880 10.901 0.800 0.758 15.120 20.663 - - - -

Table 7 details the CAPEX and OPEX values for the best solution found. First, on
the dotted line, all CAPEX terms of Equation (9) are exposed. The OPEX costs are shown
according to Equation (13). The last row details the annualized costs according to Equation
(2) for each PS. In this case study, the calculated coefficient Fa is 0.0791. The total annualized
cost is highlighted in the lower right corner of the table.

Table 7. Cost details of the obtained solution.

PS1 PS2 PS3 Total

CAPEX

Cpump € 51,225 € 20,357 € 8698 € 80,280
Cinv € 5024 € 7274 € 3108 € 15,406

CFacility € 16,928 € 4809 € 2547 € 24,284
CControl € 3297 € 1543 € 1048 € 5887

OPEX € 19,964 € 5750 € 4578 € 30,292
Fa x CAPEX + OPEX € 26,020 € 8441 € 5798 € 40,259
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Finally, the curve on Figure 6 shows the evolution of objective function value during
the process optimization. The best solution is marked by points, while the shaded area
represents the represents the solution intervals for the 500 experiments.
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4. Discussion

The application of the new methodology aims to find the optimal economic design of
PS1, PS2, and PS3, minimizing the sum of CAPEX and OPEX. In addition to the complete
design of the PSs, the solution determines the operational conditions of each pump for
each time step of the day.

The calculation of the setpoint curve is the key to the methodology presented. By
delivering exactly the energy established by the setpoint curve, it is possible to ensure
compliance with the predefined head requirements using the minimum amount of energy.
This information is then used to design all PSs at once.

The traditional design method takes only the highest point of demand [7]. Conse-
quently, the distribution of flows is considered an isolated optimization stage and does not
consider the effects of the operations during the rest of the daily periods. Therefore, the
process of finding the lowest cost solution is complex and ineffective. In contrast, the new
mathematical model considers the possible energy consumption of WDN operations over
the analysis time for each possible design.

In the case study, if only the period with the highest demand is considered (time = 22 h),
there are many design combinations for each PS that would allow for the flow rates and
heads to be achieved. However, optimizing total costs is not successful. For example, if the
pump model selected for PS2 in Table 5 is used for PS1 and PS2, it would be possible to
meet the head and flow requirements; however, the total cost would be EUR 50,334. That
is, the cost would be 25% more expensive than that of the suggested implementation. In
this way, if only the model selected for PS3 is used, the total cost would be EUR 70,980,
which represents an increase of 76% compared to the cost of the best solution found. Simi-
larly, the same comparison can be made for all combination options for the 67 models in
the database.

The solution obtained indicates that the algorithm did not select any FSP. Although
the implementation of VSPs is more expensive and incorporates the loss of efficiency
introduced by frequency inverters, these pumps allow for the reduction of excessive energy
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consumption. Therefore, this turns into lower economic costs. Nevertheless, these results
are not generalizable to all networks because the number of pumps in each of them depends
on the conditions of each WDN and the current energy prices.

Despite the benefits of the work presented, it does present some limitations. In this
work, the control system of pumps fits their heads to a calculated setpoint curve. VSPs
are used first, and then FSPs are applied. Therefore, to extend the proposed model, it
would be interesting to incorporate other control systems. Additionally, the calculation
of OPEX is presented through a second-degree equation; however, the incorporation
of a different exponent does not pose a major problem. That is, it does not affect the
methodology presented.

5. Conclusions

The design of PSs in a WDN is a very complex and critical problem for any city. Water
pumping operations represent a large fraction of the electrical power consumed in urban
zones. The investment cost of each PS is very high and directly influences the future energy
consumption of the overall network.

Traditionally, this type of design problem is solved by considering only the extreme
consumption points or by optimizing the design and operation objectives in two indepen-
dent stages. This approach does not allow for the capacity of the PS to be adapted to actual
operating conditions. Therefore, excess energy is generated, so the costs of WDN grow
significantly. To avoid this, a new methodology was proposed in this paper for the design
of PSs in networks with multiple pumped water sources and no storage.

A mathematical optimization model was developed to simultaneously minimize the
sum of the OPEX and CAPEX incurred by the network through the use of a setpoint curve.
Based on the results obtained from the developed model, it is possible to determine the
optimal selection of pump models from a database, the numbers of VSPs and FSPs, the
lengths and diameters of the pipes, the distribution of flows, and the statuses of the pumps
during each period.

A case study was presented, and the results obtained from the application of the
PGA were satisfactory. The main benefits of using this new methodology are clearly
demonstrable. The use of the setpoint curve ensured compliance with the requests made
throughout the WDN and reduced energy excesses by reducing the differences between
the consumption curves and the heads used by the pumps. Furthermore, the design of
each PS considered the impact of that station on the entire network, including the effects
on the rest of the PSs in the long term.

As discussed in the paper, the presented work has some limitations. Only one control
system for the pumps is contemplated. That is, VSPs follow the setpoint head, while FSPs
only have on/off states. However, the inclusion of new pump control methods does not
require any change in the general methodology.
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